Alkylating chemotherapy is the mainstay in the treatment of pediatric and adult glioblastoma despite primary and acquired resistance and scientifi c efforts to precisely defi ne therapies for individual patients. A focus on non-MGMT-mediated temozolomide resistance for pediatric glioblastoma suggests options for new drug combinations. Cancer Discov; 4(10); 1120-2. ©2014 AACR.
-methylguanine DNA methyltransferase ( MGMT ) promoter methylation, there are no predictive biomarkers allowing tailoring of primary therapies in adult glioblastoma. With the current tests, MGMT promoter hypermethylation signifying sensitivity toward alkylating agents occurs in one third of patients ( 1 ) . Whether this rate is overestimated for pediatric glioblastoma or other mechanisms of chemoresistance are acting in this molecularly distinct disease is not well understood. Although data demonstrating a wide range of MGMT methylation stem from uncontrolled series, controlled trials with adequate MGMT analyses are not yet available.
Only recently has it become evident that MGMT activity is regulated by not only cell-intrinsic but also cell-extrinsic cues. In addition to promoter methylation, histone modifi cations, aberrant expression or function of transcriptional activators or repressors, and posttranscriptional regulation by various miRNA species can regulate MGMT expression. Increased methylation of histone H3 lysine 9 (H3K9) and concomitant binding of methyl-CpG-binding protein 2 (MeCP2), a methylated DNA-binding protein whose dysfunction leads to various neurodevelopmental disorders, to the MGMT promoter region were associated with promoter methylation and transcriptional downregulation, whereas histone H3 and H4 acetylation and methylation of H3 lysine 4 were detected in MGMT-expressing cells ( 2, 3 ) . Increased acetylation of H3K9 and decreased dimethylation of this residue have been linked to MGMT upregulation and acquired temozolomide resistance in glioblastoma cell lines. Treatment with histone deacetylase inhibitors potentiated the evolution of acquired temozolomide resistance ( 4 ) . Induction of resistance may also be conferred by the hypoxia-, radiation-, and steroidinducible mTOR downstream target N-myc downstreamregulated gene 1 ( NDRG1 ), the protein product of which binds to and thus probably sustains action of MGMT ( 5 ) .
Patients with no apparent expression of MGMT may also be resistant to temozolomide, but the mechanism underlying this resistance is incompletely understood. There is both clinical and experimental evidence that pediatric and adult glioblastoma differ in their responsiveness to temozolomide, with adult glioblastoma being more responsive than pediatric glioblastoma. However, pediatric glioma trials commonly lack determination of MGMT status, and a solid basis to relate temozolomide responsiveness to MGMT status is missing. In addition, there are robust accumulating data showing a molecular difference between glioblastoma in pediatric and young adult, and potentially also in elderly, patients. One third of pediatric glioblastoma is characterized by H3F3A mutations affecting two critical amino acids (K27 and G34) of histone H3.3, resulting in a separate epigenetic subgroup of glioblastoma that is distinct from IDH1 -mutated glioblastoma (occurring mainly in younger adults) and the mesenchymal, receptor tyrosine kinase I and II subgroups that mainly comprise the older adult patients ( 6 ) . As for the other gene expression-based subgroups, a predictive property or a novel therapeutic strategy has not yet emerged. Elderly patients commonly present with glioblastoma lacking all (epigenetic) positive prognostic markers (except the predictive MGMT ; ref. In this issue of Cancer Discovery , Agnihotri and colleagues ( 9 ) hypothesized that alternate MGMT-independent mechanisms of DNA repair and treatment resistance could explain why pediatric glioblastoma fails to respond to alkylating agents. Using siRNA screening, multiple members of the BER pathway mediating alkylating agent resistance in pediatric glioblastoma were identifi ed, including 3-methylpurine-DNA glycosylase (MPG). MPG is a DNA glycosylase responsible for initial recognition of the damaged DNA caused by temozolomide, specifi cally alkylated N 7 guanine and alkylated N 3 adenine residues. Previously, it had been proposed that unrepaired N 3 -methyladenine is toxic due to its ability to directly block DNA polymerization. The MPG-mediated BER pathway promotes resistance to temozolomide in pediatric glioblastoma, and loss of MPG results in an accumulation of unrepaired cytotoxic N 3 -methyladenine residues, which results in curbed DNA replication and cell death.
Agnihotri and colleagues ( 9 ) also link the MPG-mediated BER pathway to ataxia telangiectasia mutated (ATM), which is central for cell-cycle checkpoints and double-strand DNA repair. ATM activity leads to direct phosphorylation of MPG at serine 172. By linking ATM signaling with MPG, there is an increased chance to identify novel targets that tumor cells use to repair damage caused by alkylating agents. Importantly, targeting BER and ATM increases sensitivity to temozolomide (and radiotherapy; ref. 10 ) and is preclinically effective in pediatric glioblastoma. ATM-related kinases are also a target of NVP-BEZ235, which inhibited both DNA-PKcs and ATM and attenuated the repair of ionizing radiation-induced DNA damage in vivo ( 11 ) .
Previously, primary glioblastoma models in which p53 was defective and PI3K was expressed were sensitized to . These drugs may be more toxic for TP53 -mutated glioma cells ( 12 ) . By taking a broader, unsupervised view on the role of DNAdamage response pathways in pediatric glioblastoma, the present study allows novel approaches to overcome alkylating agent resistance and potentially also radioresistance. With these fi ndings, the authors refocus on understanding and targeting resistance mechanisms for the most commonly used, and by far most effective, modalities for the treatment of glioblastoma ( Fig. 1A ) . Until now, these preclinical hypotheses have not been challenged with clinical data, and alkylating chemotherapy is applied widely, in both pediatric and adult patients with glioblastoma despite cell-intrinsic resistance mechanisms being present that can be easily tested. Also, as a consequence of this dissociation between preclinical and clinical therapy development, there has been no relevant progress in outcome for patients with glioblastoma over the past 10 years.
More broadly, refi nement of the defi nition of "resistance" is necessary (Fig. 1B ) . Resistance is often equated with drug resistance and focuses on intracellular mechanisms. Because of the lack of tissues at recurrence in most adult and pediatric glioblastomas and the lack of systematic evaluation of paired samples or biopsy-treat-biopsy approaches, most research but also clinical decisions are derived from surgically excised, primary, untreated tissues, and not tissues remaining in the brain responsive to the pressure of therapies and tumor-host interactions. More realistically, heterogeneity of tumor cells ( 13 ) , interactions with the microenvironment, and angiogenic and immunologic statuses should be integrated, requiring new models and a closer relationship to the clinical outcome to pass the reality check and provide a unique opportunity to understand and ultimately overcome glioblastoma treatment resistance.
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